Abstract-The
I. INTRODUCTION
The LHCb experiment is a precision experiment, designed to study CP violation and rare decays at the LHC. LHCb will benefit from a large b-quark production that will see 10 12 b-quark pairs produced per year at the design luminosity of 2 × 10 32 cm −2 s −1 . The LHCb detector as described in the Technical Proposal [1] is a forward spectrometer covering polar angles ±250 (±300) mrad in the magnet's non-bending (bending) plane. The layout of the detector is given in Fig. 1 . Many of the precision measurements at LHCb require particle identification. Not only will LHCb need to distinguish between electrons, photons and muons but for many measurements also between the different long lived hadronic states (proton, K ± , π ± ). One example of such a measurement is the measurement of the CP-angle γ using two body B decays. In this case we need to distinguish between the different two T. Blake is at Imperial College London body topologies, for example between B d → K + π − and B s → K + K − . π − K separation over the momentum range 2-100 GeV/c is provided by a pair of Ring Imaging Cherenkov (RICH) detectors [2] . Their kinematic coverage is shown in Fig. 2 .
The identification of low momentum, larger opening angle hadrons, is provided by RICH 1 which has the same 300 mrad acceptance as the full spectrometer and includes two radiators; a solid silica aerogel radiator to cover the lowest momentum particles and a C 4 F 10 gas radiator. Separation of higher momentum particles is provided by RICH 2, which has a smaller acceptance of 120 mrad.
The characteristic emission angle of the Cherenkov photons θ c , is given by cos θ c = 1/βn. Here β is the particle's velocity and n the refractive index of the medium. The particle type is inferred by performing a likelihood analysis for the different mass hypotheses [3] . In the RICH detectors a combination of spherical and plane mirrors are used to focus cones of Cherenkov light into ring images onto two planes of photon detectors in each RICH. These planes are located outside the LHCb acceptance and sit within iron magnetic shields to protect the photon detectors from the fringe field of the LHCb 1.1T dipole magnet. A schematic diagram of RICH 1 is given in Fig. 3 ; RICH 2 has a similar principle of operation but with the geometrical configuration rotated by 90
• . The total area covered by the photon detector planes is 3.3 m 2 . These photon detectors are pixel hybrid photon detec- tors (HPDs) with a pitch of 89.5 mm arranged in a hexagonally close packed structure to cover the photon detector plane with an active-to-total area ratio of ∼65%. A total of 484 HPDs are required to populate RICH 1 and RICH 2 and these are arranged in columns of 16 HPDs in RICH 2 and 14 HPDs in RICH 1.
II. HYBRID PHOTON DETECTORS
The hybrid photon detector is a vacuum device in which Cherenkov photons are converted into photo-electrons in a multi-alkali S20 photo-cathode deposited on the inner surface of a quartz entrance window. The photo-electrons are electrostatically focused by a tetrode structure of electrodes onto a reverse-biased silicon pixel sensor. This provides an efficient low noise detector, sensitive to single photons over the wavelength range 200-600 nm. A schematic drawing of an HPD is given in Fig. 4 . The photo-cathode is held at 20kV with two further electrodes at 19.7 and 16.4kV. This results in an image on the anode that is cross-focused with a relative demagnification of a factor 5. The image point spread in the electron optics is 80 μm in the red and 180 μm in the blue near-UV.
The silicon sensor is encapsulated within the HPD vacuum envelope and is segmented into 8192 pixels arranged as an array of 256 × 32, 62.5 μm by 500 μm, pixels and is bumpbonded onto a digital readout chip. For the purposes of LHCb these 8192 pixels are grouped (logically-ORed) into 1024 'super-pixels'. Each super-pixel then contains eight 62.5 μm by 500 μm sub-pixels to form a 32 × 32 array of 500 μm by 500 μm pixels. Taking into account the demagnification of the HPD this provides an approximate spatial segmentation of 2.5 mm by 2.5 mm at the HPD entrance window.
The binary readout chip, the LHCbPIX1 chip, is fabricated in the commercial 0.25 μm CMOS technology. A schematic Schematic of an HPD, a vacuum device in which photons are converted into photo-electrons by a thin photo-cathode and electrostatically focussed onto a silicon pixel chip. This provides a single photon sensitive detector with a spatial resolution of 2.5 mm by 2.5 mm.
drawing of the pixel cell is shown in Fig. 5 . Each 62.5 μm by 500 μm pixel cell contains analogue and digital parts. The analogue components are a differential pre-amplifier, a shaping stage with a typical shaping time of 25 ns (one bunch crossing) and a threshold discriminator with a three-bit threshold adjust. The threshold adjust allows the individual pixel thresholds to be adjusted for optimum efficiency of the HPD. For reference, one electron-hole pair will be produced per 3.6 eV deposited in the silicon sensor and taking into account an n+ dead layer the typical signal size is 5000e
− . The charge deposited in a single pixel can be smaller than this if there is charge sharing between pixels, or the photo-electron is back-scattered. The typical HPD threshold, measured using a test charge, is 1063 ± 100e
− . This is well separated from the noise, which is measured to be 145 ± 12e − . The digital cell has a pipeline depth that is compatible with the LHCb first level trigger (Level-0) latency of 4 μs and is clocked at the LHC bunch crossing frequency of 40 MHz. The trigger rate is the LHCb Level-0 trigger rate of 1 MHz.
The pixel sensor and readout chip are mounted and wire bonded into a pin grid array ceramic carrier to provide a complete anode assembly. An example can be seen in Fig. 6 . The vacuum tube is then fabricated at DEP 1 . During the production the HPD is vacuum baked-out at 300
• C, the photocathode deposited and the HPD sealed. A photograph of a completed production HPD can also be seen in Fig. 6 .
To protect the HPDs from any residual magnetic field from the LHCb dipole magnet, the HPDs are mounted inside cylindrical Mumetal or Supra-36 shields with kapton isolating the grounded tube from the 20 kV of the photo-cathode. The HPDs are exposed to B-fields as high as 2.4 mT and, even with the local shielding, image distortions in the HPDs electron optics make offline corrections necessary.
After production each of the HPDs is shipped to a test centre 2 where it undergoes a quality assurance program. The HPDs are then stored in N 2 gas until they are mounted on the columns of the RICH detector.
III. RESULTS FROM THE TEST CENTRES
The production of HPDs started in 2005 and has now been completed. A summary of results from the 550 production HPDs (484 and 66 spares) is presented. The quality assurance program included tests of mechanical tolerance, the internal HPD readout chain, the silicon pixel sensor and verification on a 10% sub-sample of the quantum efficiency which is also measured by DEP on all tubes. Results of earlier tests of the HPDs radiation and magnetic field tolerance [4] are not presented here but can be found in earlier publications.
A set of specifications for the HPDs is listed in Table  I . Where appropriate the average value achieved for the production HPDs is also given.
A. Noise performance
The main contribution to the noise of the HPD is thermionic emission of photo-electrons from the photocathode. Thermionic emission appears as genuine photoelectron hits that are uniformly distributed over the image of the photo-cathode on the silicon pixel sensor. The target performance is 5 kHz cm −2 , which is a probability of 1% per HPD of seeing a noise hit in a single LHC 25 ns readout window. This leaves a generous margin of error for stable performance as the RICH ring fitting algorithm works up to a rate of 1% per single pixel. Noise performance of the HPDs is assessed at the test centres from the dark count rate over a large number of triggers. Fig. 7 shows the performance of the 550 production HPDs, the average noise rate is 2.1 kHz cm −2 . This is a factor of two smaller than the target value of 5 kHz cm −2 . At LHCb the dominant background for the RICH detector is likely to be genuine Cherenkov photons that have no associated track.
B. Vacuum Quality
The vacuum quality of the HPDs is estimated from so-called "ion feedback". Photo-electrons can strike residual gas atoms in the tube, ionizing the gas. The ions then drift in the opposite direction under the electro-static field to the photo-cathode where they typically liberate 10-40 electrons. The HPD is illuminated by a short pulsed light-emitting diode and then a timing scan is performed. Ion feedback is then observed as a large after-pulse arriving approximately 200 ns after the prompt signal, see Fig. 8 . The rate of large clusters is related to the concentration of residual gas in the vacuum tube. The total rate of large clusters is typically 0.2% (see Fig. 7 ) and indicates an excellent vacuum quality. The 200 ns delay is consistent with the ionisation of helium gas and can be problematic for the HPDs as helium can permeate through the quartz window and into the vacuum tube. This effect is equivalent to the formation of after-pulses in photo-multiplier tubes [5] .
C. Quantum Efficiency
The HPDs have a single photon sensitivity between 200-600 nm. For optimum noise performance the HPD should have a lower sensitivity in the red. An example quantum efficiency curve, as a function of wavelength, for a single HPD is given in Fig. 9 . The production requirement is that the quantum efficiency at the peak wavelength (270 nm) is greater than 20%. This is clearly the case in Fig. 9 and further, over the entire production run of 550 HPDs, the average quantum efficiency at the peak wavelength is 31% (see Fig. 10 ). Hence the performance has significantly exceeded expectations. When this increased quantum efficiency is folded with the other efficiencies in the RICH detectors it leads to an increase in photon yield of 27.1%.
D. Performance of the pixel sensor
The encapsulated silicon sensor and read-out chip are mounted at the base of the HPD vacuum tube. By illuminating the entire photo-cathode surface, any pixel chip geometrical offset from the centre of the HPD can be estimated. The RMS spread of the centre positions is 200 μm. There is a 1.8% RMS spread in the image size.
Across the production run the number of dead sub-pixels is 0.15 ± 0.42% and the noisy pixel fraction is 0.02 ± 0.17%. These values are far below the 5% specification. For a 80V depletion voltage of the silicon pixel sensor the leakage current is typically 1.2 ± 1.3μA. The leakage current for all of the HPDs is given in Fig. 11 .
The efficiency of the HPD silicon sensor and pixel readout chip can be estimated by comparing the number of digital pixel hits to the analogue pulse height spectrum (measured Fig. 9 . An example of a quantum efficiency measurement made at DEP (line) and a cross check made at one of the test centres (points). The measurements use different techniques, by measuring the photo-cathode current at DEP and using a calibrated photo-diode at the test centres, and are in good agreement. from the n + back surface) from the full silicon sensor. An example is given in Fig. 12 ; the one, two and three photoelectron peaks are visible in the analogue spectrum, but are not well separated due to the large back-plane capacitance. The efficiency of the readout is estimated on a small sub-sample of HPDs at 87 ± 2%. A better estimate of the HPDs performance can be achieved using Cherenkov light as a "standard candle". This has been one of the goals of several beam tests [6] , where this efficiency was measured to be 85%. In summary, the production yield of the HPDs is 98%. For the 2% of rejected HPDs, most failed because of either a large number of dead pixels on the pixel chip or a dark count rate much larger than 5 kHz cm −2 . A small number of HPDs had a large leakage current.
IV. PERFORMANCE OF HPDS IN THE LHCB RICH
In the columns of the RICH detector each HPD pair shares a front-end readout board [7] , high-voltage and low voltage distribution board. Triggered events are read out from the HPD through the pin grid-array, a passive translator board and a flexible printed kapton circuit to the front-end readout boards. The front-end board formats the data, multiplexes the data onto a 1.6 GHz optical link and transmits off-detector.
The commissioning of the downstream RICH detector, RICH 2, is now well advanced. The commissioning includes the full complement of 288 HPDs in RICH 2 and their associated front-end electronics, including the so-called UKL1 board that is located off-detector in the counting room, the LHCb software and final detector slow control hardware and software [8] .
During commissioning, both noise and time-aligned test pulses have been read out. In the majority of cases the noise performance was as expected from the HPD quality control results. Fig. 13 is an example of dark count noise hits being read out from one-half of the RICH 2 detector.
A small number of eleven HPDs exhibited a large dark count rate at only 1.5 kV. On further investigation this was found to be consistent with gas discharge in the HPDs. The HPDs are now being monitored and no further vacuum failures have been seen. 
V. CONCLUSIONS
The performance of the LHCb pixel Hybrid Photon Detectors has been excellent, giving a production yield of 98%. Taking the small number of HPD failures during commissioning into account, 95% of HPDs are suitable for use in LHCb.
The commissioning of the RICH detectors is progressing well. The commissioning of RICH 2 is well underway and the commissioning of RICH 1 will begin shortly. The RICH detectors will be ready for the expected start of data taking at the LHC in 2008.
